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Bacteriophages, being the most abundant biological entities on the Earth, play a major role in regulating populations of bacteria and thus influence the evolution and stability of ecosystems. Phage infections of pathogenic bacteria can both exacerbate and alleviate the severity of the disease. State-of-the-art structural biology methods in studies of phage replication
Bacteriophages are a diverse group of viruses that infect bacteria.
Bacteriophages are research models for molecular biology and have the potential to be used in modern biotechnology and phage therapy. After ejecting their genome into a cell, bacteriophages can establish two types of infection. The lytic cycle leads to the production of virion progeny and cell death, whereas in lysogenic infection the phage genome integrates into the bacterial one and replicates when the bacterium divides. Knowledge of the highresolution structures of phage particles and their assembly intermediates has played an important role in our understanding of phage attachment to receptors, genome ejection, virion assembly and genome packaging. Furthermore, the structures of non-structural proteins and their complexes have explained the mechanisms of the lytic-lysogeny switch, genome transcription and replication, and the degradation of the cell envelope. However, nearly all of the structural studies performed to date were limited to analyses of purified macromolecular samples in vitro. In contrast, phage macromolecules perform their functions in vivo by interacting with other phage or cellular components. Current technological developments in the cryo-preservation of cells and cryo-electron tomography (cryo-ET) have enabled structural studies of replicating phages in bacteria. These reports described the ultrastructure of bacteriophages penetrating the cell wall of Gram-negative and Gram-positive bacteria, the formation of a nucleus-like structure during phage replication, and changes in the structure of the cell wall before lysis [1] [2] [3] .
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Structural virology beyond purified proteins and phage particles
In the single-particle cryo-electron microscopy (cryo-EM) approach, a sample is deposited on a grid in a thin layer of aqueous solution and rapidly plunged into liquid ethane 4 The sensitivity of biological objects to an electron beam limits the overall dose that can be used to image one sample, resulting in a low signal to noise ratio in the reconstructed tomograms.
However, sub-tomogram averaging can be used to resolve the structures of regular components of the tomograms with high contrast and resolution.
Currently, high-resolution structures can only be routinely determined for protein complexes or phage particles that can be prepared with high purity and at high concentration. These experimental constraints limit the knowledge that can be gained The localised-mass spectroscopy utilises imaging of single particles from a cell extract. First, the cell lysate is chromatographically separated into fractions. Subsequently, the fractions are Open questions in phage biology that may be addressed by structural studies
Mechanism of phage genome delivery
Tailed phages eject their genomes into bacterial cells, however, several aspects of this process are not well understood (Figure 2 ), including: (1) How is the phage genome ejection triggered? (2) How is the genome transported across bacterial membrane(s)? (3) What is the mechanism for the completion of phage genome ejection after the pressures inside the phage head and cell equalise? 
Bacterial resistance to phage infection
Mutations enabling bacteria to avoid phage attachment or block genome ejection can have secondary effects on the cellular phenotype. Phage receptors are often bacterial virulence factors or play roles in substances intake 11 , and thus phages targeted to bind to specific cellular receptors could be used to shift bacterial population towards lesser virulence 12 .
Bacterial anti-phage defense systems, such as restriction-modification, CRISPR/Cas, bacteriophage exclusion, or the defense island system associated with the restriction-modification system, degrade phage DNA during delivery [13] [14] [15] (Figure 2 ). However, many phages have acquired anti-defense proteins 16, 17 . Structural understanding of the anti-phage defense complexes will enable the preparation of phages capable of protecting their DNA during delivery, which may be important for the development of phage therapy. Similarly, the systems by which bacteria abort late stages of phage infection are assumed to be widespread, but many of them have not been characterised in detail 18 . The CLEM and cellular cryo-ET could be used to visualise these processes in vivo and explain the functions of these complexes. These findings will enable the engineering or phages with exceptionally broad host-ranges. 
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